ABSTRACT: Since the early 199O's till early 2000s, the Changi East Reclamation Project in the Republic of Singapore involved the filling of approximately 200 million cubic meters of sand for the reclamation of a total land area of about 2500 hectares. 7 he land reclamation works were carried out in 5 phases. The edges of the newly reclaimed land in the project were either retained by vertical retaining structure or coastal shore protection rock bund with suitable slopes and stability berms. Land reclamation was carried out using fill materials derived from dredging granular material from the seabed at the borrow source. Prefabricated vertical drains with surcharge were used extensively in the project to accelerate the consolidation process. In addition, the hydraulically placed sandfill was densified by using various deep compaction methods. Geotechnical instruments were required to monitor the settlement and pore pressure during the consolidation of soft soil. During the implementation of the 5 phases of land reclamation and soil improvement projects, geotechnical instruments of various types were installed. I n order to monitor the performance of ground improvement and to validate the efficiency of the prefabricated vertical drain system several geotechnical instruments were installed In a Pilot Test site within one of the phases of work. This paper provides a case study of the performance of a Pilot Test Site carried out in the Changi East Reclamation Project (Phase 1B).
INTRODUCTION
From 1992 till mid 2004, the Changi East Reclamation Project in the Republic of Singapore involved the filling of approximately 200 million cubic meters of sand for the reclamation of a total land area of about 2500 hectares (1 ha = 10,000 m'). The land reclamation works were carried out in 5 phases. Land reclamation was carried out using fill materials obtained from dredging granular material from the seabed at the borrow source. This land reclamation project required areas that are currently submerged to be raised to the levels permanently above the sea level. The fill material chosen was well-graded, free draining granular soil with fines contents of less than 10%. When the fill was placed by pumping, some fines in the fill was further removed, a process described by Bo et al. (2003) . Fig. 1 shows the location and the five phases of the Changi East Reclamation Project in Singapore.
The combination of prefabricated vertical drain (PVD) with preloading ground improvement technique was successfully applied in this project to improve the underlying compressible soils. The project comprises the installation of prefabricated vertical drains and the subsequent placement of surcharge to accelerate the consolidation of the underlying marine clay. In the entire project, a total of 142 million linear meters of vertical drains were installed making this one of the largest projects in the world in which prefabricated vertical drains were used. Surcharge helps in increasing effective stress as dissipation of excess pore water pressures caused by the surcharge load results in an increase in effective stress of the soft soil. The surcharge in this project was not removed as there was no land utilization plan for the project for several years.
In order to monitor the performance of ground improvement and to validate the efficiency of the prefabricated vertical drain system several geotechnical instruments were installed in a Pilot Test Site to monitor the degree of consolidation at both areas with PVD installed at various spacings and a control area without PVD. The layout of the various sub-areas in the Pilot Test site is indicated in Figure Project Area Volume of Length of (Hectares) Sand (Mm3 1. Settlement gauges including deep settlement gauges were installed at the top of each sub layers whereas piezometers were installed at the centre of each compressible sub layer in order to monitor the settlement and pore pressure dissipation. Settlement and pore pressure were monitored with close interval in the first three months and wider interval at the later part of monitoring. Ultimate settlements were predicted using the field settlement results applying the Asaoka and hyperbolic methods and from the ultimate settlements predicted, the degree of consolidation of the improved soil was computed.
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PREFABRICATED VERTICAL DRAINS
The prefabricated vertical drain (PVD) with preloading method was considered the most feasible ground improvement method for the treatment of the soft marine clay, and this method was employed in the project. The objective of using the vertical drains with preloading technique is to accelerate the rate of consolidation and to minimize future settlement of the treated area under the future dead and live loads. Soil improvement works is carried out in such a way that a specified degree of primary consolidation is designed to be attained within the desired time frame by improving the soil drainage system. The primary use of prefabricated vertical drains is to accelerate consolidation to greatly decrease the duration of consolidation process caused by embankment built over soft soils. This will ensure that the fmal infrastructure construction can be completed in a reasonable time and with minimal post construction settlement. Preloading increases the effective stress and reduces the compressibility of weak ground by forcing soft soils to consolidate. By doing so, the consolidation process also improves the strength oí in-situ soft soils.
SINGAPORE MARINE CLAY AT CHANGI
Singapore marine clay at Changi is a quaternary deposit that lies within valleys cut in the Old Alluvium. The Case Study Area comprises of two distinct layers of marine clay which are the "Upper Marine Clay" layer and the "Lower Marine Clay" layer. The "Intermediate Stiff Clay" layer separates these two distinct marine clay layers as indicated in Fig. 2 .
The upper marine clay is soft with undrained shear strength values ranging from 10 to 30 kPa. The upper marine clay has a liquid limit of between 80-95%, plastic limit of between 20-28% and water content of 70-88%. The upper marine clay is generally overconsol¡dated with overconsolidation ratio (OCR) of about 1.5-2.0. The coefficient of consolidation due to vertical flow {c) of the upper marine clay is between 0.47-0.6 m'/year while the coefficient of consolidation due to horizontal flow (cj is between 2-3 mVyear.
The lower marine clay has a liquid limit of 65-90%, plastic limit of 20-30% and water content of 40-60%. The lower marine clay is lightly overconsolidated with OCR of 2. The coefficient of consolidation due to vertical flow ic ) of the lower marine clay is between 0.8-1.5 m'/year while the coef- Bo et al. (1997 Bo et al. ( ,1998 and Arulrajah et al (2008 Arulrajah et al ( , 2004 .
GEOTECHNICAL FIELD INSTRUMENTATION
Field instruments suitable for the study of consolidation behavior of underlying soils and monitoring of land reclamation works include surface settlement plates, deep settlement gauges, multi-level settlement gauges, liquid settlement gauges, pneumatic piezometers, electric piezometers, opentype piezometers, water standpipes, inclinometers, deep reference points and total earth pressure cells. A total of 7246 geotechnicai instruments were installed at the Changi East Reclamation Projects. Table 1 shows the complete detailed breakdown of instruments installed and monitored at the Changi East Reclamation Projects. However, it is to be noted that only 5 types of instruments were used in the Pilot Test Site and the case study in this paper only discusses on the Pilot Test Site.
Assessment of degree of consolidation could be carried out by means of field instrument monitoring at regular time intervals. Details on assessment of degree of consolidation have been discussed by Bo et. al (1997) and Arulrajah et al. (2008 Arulrajah et al. ( , 2004 .
Degree of consolidation for settlement gauges can be computed based on the field settlement. Degree of consolidation is deñned as percentage of magnitude of settlement that occurred at time "i" upon ultimate primary consolidation settlement as indicated in Eq.(l). From measured field settlement and predicted ultimate settlement, degree of consolidation can be estimated. Ultimate settlement can be predicted for marine clays treated with vertical drains and preload by the Asaoka (Asaoka, 1978) or Hyperbolic (Tan, 1995) methods.
U (%) = S / S
(1)
where S^ = field settlement at any time f; S^ = ultimate settlement; and U^ {%) = average degree of consolidation. Piezometers are utilized to measure the pore pressure in the soil. If regular monitoring is carried out to measure the piezometric head together with static water level, dissipation of excess pore pressure can be detected and thus degree oi consolidation can be assessed. Average residual excess pore pressure is defined as ratio of excess pore pressure at time "i" upon initial excess pore pressure. Therefore degree of consolidation for a soil element, U^ can be defined as shown in Eq. 2.
where U^ (%) = degree of consolidation for a soil element; w^ = the excess pore pressure at time t; and u. = initial excess pore pressure which is equal to the additional load Ao".
PILOT TEST SITE: A CASE STUDY
The Pilot Test Site consisted of 4 sub-areas, three of which were installed with vertical drains at various spacings. Long duration field settlement monitoring was carried out at regular intervals at these sub-areas. The seabed elevation is about -6 mCD (Admiralty Chart Datum, where mean sea level is + 1.6 mCD) while the thickness of the soft marine clay in the location was up to 45 meters thick. Land reclamation was first carried out to the vertical drain platform elevation of+4 mCD. Field instruments comprising of surface settlement plates, deep settlement gauges, pneumatic piezometers, electric piezometers and water stand-pipes were installed from the platform level where vertical drain were installed. Instruments were installed prior to vertical drain installation.
Following the installation of vertical drains, surcharge was next placed by hydraulic filling to an elevation of +7 mCD simultaneously for all the sub-areas. As such, an assessment could be carried out and compared between the subareas treated with vertical drains at various spacings when subjected to the same surcharge preload. The analysis of the instrumentation results for the various sub-areas was carried out 32 months after surcharge placement which equates to a total monitoring duration of about 42 months.
The summary of the vertical drain spacing in the various sub-areas is indicated in Table 2 . The profile of field instrumentation and the soil profile at the Pilot Test Site are shown in Figure 2 .
The field settlement data can be analyzed by the Asaoka (Asaoka. 1978) and Hyperbolic (Sridharan and Sreepada, 1981) methods to predict the ultimate settlement of the reclaimed land under the surcharge fill. Back-analysis of the field settlement data will also enable the coefficient of consolidation for horizontal flow to be closely estimated. Factors that affect prediction by the Asaoka method are the period of assessment after surcharge placement as well as the time interval used for the analysis. Factors that affect prediction by the Hyperbolic method are the period of assessment after surcharge placement (Arulrajah et al. 2004 , Bo et al. 2003 .
Pneumatic and vibrating-wire electric piezometers were installed to monitor the dissipation of excess pore pressures of the marine clay under the reclaimed fill load. The piezometers were installed in individual boreholes at various predetermined elevations in the marine clay. The piezometers were installed in the same instrument clusters as the water standpipes and settlement gauges. The pneumatic piezometer and electric piezometer indicate similar measurements for piezometric elevation and excess pore water pressures. Installation of piezometers at the same elevations as the deep settlement gauges enabled for the correction of the piezometer tip due to large strain settlements of the marine clay under the reclaimed fill. Factors that affect the analysis of piezometers include period of assessment, hydrogeologic boundary condition, settlement of piezometer tip and reduction of initial imposed load due to submergence effect (Bo et al. 2003) .
Field instrument monitoring was carried out at regular intervals so that the degree of improvement could be monitored and assessed throughout the period of the soil improvement works for the project. Instruments were monitored at close intervals of up to 3 times a week during sandfilling and surcharge placement operations. At other times the instrument was monitored usually at a frequency of once a week. Fig. 3 presents the construction sequence of the Pilot Test Site. Fig. 4 compares the settlement plate results between the various sub-areas in the Pilot Test Site. It is evident that the A2S-71 (2.0m x 2.0m) sub-area records the highest magnitude and rate of settlement as compared to the other subareas due to its closer drain spacing. The A2S-74 (no drain) sub-area on the other hand records the least magnitude and rate of settlement. This is expected as the highest magnitude of settlement is expected when the vertical drain spacings is reduced. The vast improvement of the vertical drain treated areas compared to the No Drain sub-area is clearly evident in Fig 4. It can be observed that the closer the vertical drain spacing, the higher the corresponding magnitude of settle- Field instrumentation case study at g pilot site in the Changi land reclamation project 187 nient. Sub-area A2S-71 with the closest drain spacing indicates the highest settlement readings while the untreated sub-area A2S-74 indicates the least. This furthermore indicates that the vertical drain is functioning as expected. Fig. 5 indicates the magnitudes of settlements of the A2S-71 (2.0m x 2.0m) sub-area. A maximum settlement of 1.687 m is indicated by the settlement plate at A2S-71 (2.0m X 2.0m), The settlement is observed to reduce with increasing depth when comparing the settlement of the various settlement gauges at this sub-area, which is expected as the stress ratio, is decreasing with depth. Fig. 6 indicates the magnitudes of settlements of the A2S-74 (no drain) sub-area. A maximum settlement of 0.503 m is indicated by the settlement plate at A2S-74 (no drain). The settlement is observed to reduce with increasing depth when comparing the settlement of the various settlement gauges at this sub-area, which is expected as the stress ratio, is decreasing with depth. The settlement to date from the settlement plates of the various sub-areas is indicated in Table 3 . Fig. 7 compares the field settlement profiles between the various sub-areas of the Pilot Test Site at various durations after surcharge. The settlement gauges which was installed 0.5 meters beneath the vertical drain platform level in the reclamation sand and the deep settlement gauges which was installed at the top surface of the compressible marine clay gave similar readings for magnitude and time rate of settlement. This indicates that the settlement contribution of the sandfill layer is minimal as would be expected. Fig. 8 shows the Asaoka method predictions for the settlement plate at the A2S-71 (2.0m x 2.0m) sub-area of the Pilot Test Site at time intervals of 28 and 56 days. An ultimate settlement of 1.838 m is obtained from the Asaoka plot for the A2S-71 (2.0m x 2.0m) sub-area. The ultimate settlement predictions by the Asaoka method for the various sub-areas are indicated in Table 3 . The Asaoka method prediction could not be applied for the A2S-74 (no drain) sub-area as the minimum degree of consolidation of 60% as recommended by the Asaoka method had yet to be obtained for this sub-area. Fig. 9 and Fig. 10 show the combined and typical Hyperbolic plots for the settlement gauges at A2S-71 (2.0m X 2.0 m). An ultimate settlement of 1.801 m is obtained from the Hyperbolic plot for the A2S 71 (2.0m x 2.0m) subarea. The ultimate settlement predictions by the Hyperbolic method for the various sub-areas are indicated in Table 3 . The Hyperbolic method prediction could not be applied for the A2S-74 (no drain) sub-area as the minimum degree of consolidation of 60% as recommended by the Hyperbolic method had yet to be obtained for this sub-area. It is to be noted that normally, for the same surcharge and the same thickness of clay, the same amount of ultimate settlement is obtained after a long time. However, in the Pilot Test Site, variations in the final predicted settlements is due to variations in the soft soil depths at the various sub-areas and hence the resulting variations in the estimated ultimate settlement computations. It is apparent that the A2S-71 (2.0m X 2.0 m) sub-area has the thickest layer of intermediate marine clay than the other vertical drain sub-areas. In addition higher excess pore pressure was recorded in the A2S-71 (2.0m X 2.0 m) and A2S-74 (no drain) sub-areas which indicates comparatively lower effective stress than the other sub-areas. Furthermore, settlement of the sub-areas prior to the installation of instruments will also result in variations in the settlement measured after installation of instruments.
SEULEMENT MEASUREMENTS

PORE PRESSURE MEASUREMENTS
Pneumatic piezometers were installed in the same clusters as the settlement gauges, close to the same elevation as the settlement gauges to enable for correction of the piezometer tip due to large strain settlement. Water stand-pipes were installed in the clusters so as to measure the static water level at these locations and hence to ascertain the excess pore water pressures of the piezometers. Due to the large strain settlements at the site, all raw piezometer readings taken were corrected to account for the new elevation of the piezometer at each monitoring due to the settlement of the piezometer tip. Correction is essential and if not made will lead to an underestimation of the degree of dissipation of the excess pore water pressure. The excess pore water pressures for the A2S-71 (2.0m x 2.0m) sub-area are shown in Fig. 11 . The excess pore water pressures for the sub-area are shown in Fig. 12 . Higher excess pore pressure was recorded in the A2S-71 (2.0m x 2.0 m) and A2S-74 (no drain) sub-areas which indicates comparatively lower effective stress than the other sub-areas. Fig. 13 indicates the comparison of excess pore pressure isochrones between the sub-areas 32 months after surcharge. Non-uniform variation of the excess pore pressure regarding elevation is due to slight difference in the installed location of the piezometer from the vertical drains as well as the presence of thin sand lenses (so-called microlayers).
Fig. 14 indicates the comparison of degree of consolidation between piezometers at the sub-areas 32 months after surcharge. Rapid dissipation of excess pore water pressure with time is clearly evident in the vertical drain treated areas as compared to the No Drain sub-area. The sub-area with the closer vertical drain spacing is found to generally register the higher degree of consolidation at a particular elevation. Some exceptions to this are found at certain elevation which could Figure 13 . Comparison of piezometer excess pore pressure isochrones between sub-areas 32 months after surcharge. be due to the slightly varying soil profiles that exist between the various sub-areas. Furthermore, the presence of sand seams in the marine clay will increase the permeability of the marine clay and enable the excess pore water pressure in it to drain relatively rapidly. Evidently from the findings of the figures, the degree of consolidation is highest at the sub-area with the closest vertical drain spacing and lowest for the No Drain sub area. Table 3 summarizes the comparison of degree of consolidation and back-analyzed c, between the settlement plates and piezometers at the various sub-areas 32 months after surcharge obtained by the observational methods. The degree (if consolidation of the vertical drain treated sub-areas is observed to be far greater than that of the No Drain sub-area. The magnitude of settlement is highest in sub-area A2S-71 (2.0 X 2.0 m) which has the closest vertical drain spacing and lowest in A2S-74 (No Drain). Higher magnitudes of settlement and higher degree of consolidation are obtained as closer vertical drain spacings are used. Similarly, dissipation of excess pore water pressure readings is faster in the closer spacing vertical drain treated sub-area. This indicates that the vertical drains installed in the project are performing to improve the soil drainage system.
COMPARISON OF OBSERVATIONAL METHODS
CONCLUSIONS
applied in the Changi East Reclamation Project in Singapore to improve the underlying compressible soils. The project comprises the installation of prefabricated vertical drains and the subsequent placement of surcharge to accelerate the consolidation of the underlying marine clay. In the entire project, a total of 142 million linear meters of vertical drains were installed making this one of the largest projects in the world in which prefabricated vertical drains were used. In the implementation of this land reclamation project with ground improvement works, a systematic field instrumentation monitoring program was employed. The settlement gauges and piezometers are the two instruments deemed essential for assessing the degree of consolidation of soft clay after completion of ground improvement works.
This paper provides a case study into the field instrumentation works that were carried out at a Pilot Test Site at the Changi East Reclamation Project (Phase IB) in Singapore. The assessment of degree of consolidation at the Pilot Test Site was found to be in good agreement for the Asaoka, Hyperbolic and piezometer methods. The magnitude of settlement is highest in sub-area A2S-71 (2.0 x 2.0 m) which has the closest vertical drain spacing and lowest in A2S-74 (No Drain). Higher magnitudes of settlement and higher degree of consolidation are obtained as closer vertical drain spacing is used. Similarly, dissipation of excess pore water pressure readings is faster in the closer spacing vertical drain treated sub area. This indicates that the vertical drains installed in the project are performing to improve the soil drainage system. The combination of prefabricated vertical drain with preloading ground improvement technique was successfully
